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Loop diuretics reduce hypoxic damage to proximal tubules of the
Isolated perfused rat kidney. The straight portion (S3) of the proximal
tubule lies in close proximity to the thick ascending limbs (TALs) at the
cortico-medullary junction. Since a delicate balance exists between
oxygen demand and the limited oxygen supply in this region, we
hypothesized that reduction of thick limb metabolic activity might
augment oxygen availability to S3 segments, which depend heavily
upon aerobic metabolism, and prevent hypoxic damage. The degree of
functional deterioration and morphological damage to S3 was assessed
in isolated rat kidneys perfused with an erythrocyte-free medium.
Bumetanide (l0— M) and furosemide (l0— M) reduced S3 fragmenta-
tion from 9.8 3.9% of tubules in controls to 0 and 1.4 0.9%,
respectively (P < 0.0005). Tubular glucose reabsorption was better
preserved in kidneys exposed to loop diuretics than in control kidneys
(P < 0.01), and urinary alkaline phosphatase (P < 0.05) and the total
amount of LDH released into the perfusate and urine (P < 0.01) were
lower in the treatment groups. Morphological damage to S3 was closely
correlated with medullary TAL necrosis (r = 0.66, P < 0.001), urinary
alkaline phosphatase excretion (r = 0.89, P < 0.001) and glycosuria(r = 0.83, P < 0.001). We conclude that under hypoxic conditions TALs
and S3 segments may compete with each other for a limited oxygen
supply. Reduction of active transport in the mTAL might augment
oxygen availability to S3 segments and improve their survival.
Oxygen is distributed unevenly to cells in different regions of
the kidney. Tissue p02 declines sharply at the cortico-medul-
lary junction from about 60 mm Hg to about 15 mm Hg [1—41,
probably as the result of oxygen shunting from descending to
ascending vasa recta. Medullary hypoxia is exaggerated in the
isolated rat kidney when perfused with erythrocyte-free me-
dium presumably because of the reduction in oxygen carrying
capacity as compared with fresh blood and is associated with
progressive cellular damage most marked in the medullary thick
ascending limb (mTAL) [5]. The prominent susceptibility of the
mTALs to hypoxic injury originates from its need for oxygen to
carry out the work of active tubular reabsorption in an hypoxic
environment. A reduction in active transport by the mTAL
produced by loop diuretics prevents mTAL hypoxic injury [6],
increases oxygen tension in the outer medulla [7] (Brezis M,
Agmon Y, Epstein FH, unpublished data), and increases the
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state of oxidation of mitochondrial cytochrome oxidase within
renal cells [8].
The straight portion of the proximal tubule (S3) also depends
heavily on aerobic metabolism and may be at risk of hypoxia
because of its location. This nephron segment lies in close
proximity with TALs in the outer stripe of the outer medulla,
and in medullary rays that extend into the cortex [9]. This
location probably underlies the mild S3 hypoxic damage (S.
Rosen, unpublished data) and proximal tubular functional im-
pairment [10], noted in isolated kidneys perfused with erythro-
cyte-free medium.
Since adjacent TALs and S3 nephron segments could com-
pete with each other for a limited oxygen supply, we evaluated
the effect of loop diuretics, which inhibit active transport by
thick ascending tubules, upon S3 structural and functional
derangements in isolated perfused rat kidneys.
Methods
Male Sprague-Dawley rats, weighing 370 to 470 g, fed on
standard rat chow ad libitum and allowed free access to water,
were used for all experiments. Isolated perfusion of the right
kidney was performed according to the method of Ross, Ep-
stein and Leaf [11]. Kidneys were perfused at a constant
pressure of 100 mm Hg at the catheter tip. The rate of perfusate
flow was monitored by a Brooks flowmeter, in line. The
perfusion medium consisted of a Krebs-Ringer-Henseleit solu-
tion containing (in mM): Na 143; K 4.5; bicarbonate 24; Ca 2.5;
Mg 1.2; phosphate 1.2; pH 7.4 when gassed with 5% C02, 95%
02; and bovine serum albumin at a concentration of 6.7 gldl. All
perfusions were carried out for 90 minutes. Urine collections
and perfusate samples were obtained for clearance measure-
ments every 10 minutes after 20 minutes of stabilization.
Experimental groups
Furosemide or bumetanide (N = 7 for each group) was added
to the perfusate at a final concentration of 10 M and iO— M,
respectively. Eight kidneys perfused without the addition of a
loop diuretic served as controls.
In another series of experiments, kidneys were perfused with
hydrochiorothiazide, l0 M (N = 5) or bendroflumethiazide,
IO M (N = 6), and compared with a separate set of five
controls. The chief action of both compounds is to inhibit NaCl
cotransport in distal tubules within the cortex. Both are weak
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inhibitors of carbonic anhydrase, but this action is minimal in
the case of bendroflumethiazide [12].
Functional studies
Glomerular filtration rate was estimated from the clearance of
3H inulin (New England Nuclear, Boston, Massachusetts,
USA). Fractional sodium, potassium and glucose reabsorption
were calculated from their concentrations in the perfusate and
urine, and the inulin clearance. Lactic dehydrogenase (LDH),
alkaline phosphatase (AP) and N-acetyl-/3-D-glucosamidase
(NAG) concentrations in urine samples were determined by
automated enzymatic analysis. LDH was measured in the
perfusate as well, and its release was expressed as the amount
of enzyme appearing in urine and perfusate during the last hour
of perfusion.
Morphological techniques
The morphology of the kidneys in each group was examined.
A three-way stopcock was incorporated into the circuit 5 cm
from the arterial cannula, to allow perfusion with the fixation
solution for an additional five to eight minutes, at the same
pressure applied during the functional studies. The fixative
solution contained 1.25% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4). The sections were postfixed in buffered 2%
0s04, dehydrated and embedded in araldite-epon 812 mixture.
Large 3 x 3 1 micron sections of the outer medulla were cut,
stained with methylene-blue and examined by light microscopy.
The histological evaluation was completed by Dr. S. Rosen in
a "blinded" fashion; that is, without knowledge of the experi-
mental condition. As previously described, three zones of the
inner stripe were analyzed: Upper (A level), middle (B level),
and a lower third (C level). At each level, a percentage score
was used to indicate the fraction of tubules involved with
minimal, moderate, or severe changes (blatant mitochondrial
swelling, extensive nuclear pyknosis and cell fragmentation)
[13].
The straight portion (S3) of the proximal tubule was evalu-
ated at the junction of the outer and inner stripes of the outer
medulla. A percentage score was used to indicate the fraction of
tubules with loss of brush border and fragmentation, or those
with cell swelling, as previously described by Shanley et al [14].
Statistics
Results are presented as mean SEM. One- or two-way
analysis of variance with Newman Keuls test were carried out
between the different groups and between repeated measure-
ments within groups. The treatment groups were pooled as well
for t-test comparison with control kidneys. Simple correlations
were determined for functional and morphologic variables.
Multiple regression analysis was applied for the determination
of the contribution of proximal tubular injury patterns and thick
limb damage to enzyme release and glycosuria. Statistical
significance was set at a P value of less than 0.05,
Results
Urinary volume, natriuresis and kaliuresis in isolated per-
fused kidneys were augmented by both bumetanide and fu-
rosemide, whereas glomerular filtration rate and perfusate flow
were not significantly changed (Table 1).
Glycosuria was substantially reduced by furosemide and
Table 1. Comparisons of kidney function and enzyme release in the
experimental groups
Time
mm
Control
(N = 8)
Bumetanide
(N = 7)
Furosemide
(N = 7)
GFR 20—30 0.39 0.04 0.42 0.04 0.48 0.03
ml/min/g 50—60
80—90
0.36 0.01
0.27 0.01
0.39 0.04
0.32 0.03
0.41 0.04
0.30 0.02
Urine vol
mi/mm
20—30
50—60
80—90
0.08 0.01
0.13 0.01
0.13 0.01
0.15 0.02 1
0.16 0.01 b
0.15 0.01 J
0.26 0.01 1
0.26 0.01 a
0.20 0.01 J
Perfusate flow 20—30 22.1 0.7 25.9 1.1 24.1 1.4
ml/min/g 50—60
80—90
25.5 0.8
28.2 1.2
28.8 1.0
31.3 1.0
29.4 1.7
32.8 1.9
Tubular
reabsorption
of Na%
Fractional
excretion of
K %
Tubular
reabsorption
of glucose %
20—30
50—60
80—90
20—30
50—60
80—90
20—30
50—60
80—90
92.8 0.7
92.6 0.8
90.6 1.1
0.60 0.04
1.06 0.12
1.29 0.05
96.9 0.9
87.7 2.0
78.7 2.3
78.7 0.6 1
79.8 1.0 a
78.1 1.1)
0.95 0.05 1
1.57 0.08 a
1.73 0.09 J
99.2 0.3 1
97.7 0.8 a
95.0 1.0)
67.9 1.2
69.3 2.2 a
69.7 2.5
1.25 0.08 1
2.09 0.16 a
1.83 0.15 J
99.1 0.1 1
95.0 1.4 a
89.7 2.2)
LDH units 30—90 6.5 0.9 2.9 0.4c 3.5 0.6'
Urinary
alkaline
phosphatase
U/JO mm 80—90 113.7 38.9 22.5 4,9C 31.4 6.0c
a p vs. Control <0.01 by two-way ANOVA
b P vs. Control <0.05 by two-way ANOVA
C P vs. Control <0.01 by one-way ANOVA
bumetanide at all time points. Tubular glucose reabsorption
calculated as the percentage of filtered glucose reabsorbed was
significantly higher in the treatment groups as compared to
control kidneys (Table 1). The absolute amount of glucose
reabsorbed was increased as well, averaging 0.30 0.03 and
0.26 0.03 mg/minlg kidney weight during the final 30 minutes
of perfusion in the bumetanide and furosemide groups, respec-
tively, versus 0.20 0.01 in the control group (<0.03 for
treatment groups vs. controls).
As previously noted [13, 14], hypoxic tubular damage fol-
lowed a consistent distribution, with an axial injury gradient
increasing from superficial to deep portions of the outer me-
dulla, and with protected zones around vascular bundles.
Maximal mTAL damage was noted at the mid and inner levels
of the inner stripe, involving about 70% of tubules. TAL
damage at the superficial inner stripe (zone A) and S3 injury at
the outer stripe of the outer medulla was limited, restricted to
the interbundle zone (away from vascular bundles), and did not
exceed 10% of tubules. As detailed earlier [14], two types of S3
lesions were noted: cell edema and cell fragmentation (Fig. 1),
never occurring simultaneously in the same tubule. As judged
by electron microscopy, cell edema (swelling) reflected less
severe disruption of cellular detail than cell fragmentation; it
was also more likely to be reversible [14, 15].
Bumetanide and furosemide substantially attenuated mTAL
damage at all levels of the inner stripe (Fig. 2A). The effect of
both diuretics upon proximal tubular injury followed the same
pattern, namely diminution of cell fragmentation from 9.8
3.9% of tubules in control kidneys to 0 and 1.4 0.9% in the
bumetanide and furosemide groups, respectively (P <0.005 for
treatment groups vs. controls, Fig. 2B).
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Fig. 1. In the isolated perfused kidney, a
small fraction of proximal tubules (S3) in the
outer stripe of the outer medulla show injury.
The changes are either those of fragmentation
(A) or edema (B). A. Fragmentation. Many of
the proximal tubules have lost their brush
border often in an abrupt fashion (arrows); the
remaining luminal surface shows a finely
irregular contour. These changes are not as
dramatic as in the thick ascending limb (*)
where there appears to be full thickness loss
of cellular elements. They differ markedly,
however, from the lesion of edema described
in (B) x460. B. The proximal tubules on the
left show edema and chromatin margination
with maintenance of their brush borders. They
contrast sharply with the normal tubular
elements on the right and the fragmentation
lesion (A) x460.
Proximal tubular cell edema was unaffected by both diuretics
(Fig. 2B), but was inversely correlated with glomerular filtration
rate (r = —0.5, P < 0.05). This correlation was also noted in the
hypoxic isolated kidney perfused with 95% N2, 5% C02, in
earlier studies [14].
The total amount of LDH released into the perfusate and the
formed urine was significantly lower in kidneys perfused with
loop diuretics (Table 1). It did not correlate with mTAL injury
or S3 cell fragmentation, but was closely correlated with S3
edema (r = 0.68, P < 0.005).
Urinary alkaline phosphatase increased over time in control
rats, but did not rise in kidneys treated with diuretics. At 90
minutes of perfusion, urinary alkaline phosphatase was signifi-
cantly lower in these groups compared with controls (Table 1),
correlating with the degree of proximal tubular fragmentation
(r = 0.89, P < 0.001). Interestingly, urinary alkaline phos-
phatase closely correlated with superficial (zone A) TAL injury
(r = 0.62, P < 0.002), but less so with mid (B) and deep (C) zone
damage (r = 0.48, P < 0.04, and r = 0.39, P = 0.08,
respectively), where S3 segments were absent. Urinary excre-
tion of n-acetyl glucosaminidase (NAG) did not differ among the
experimental groups. Multiple regression analysis emphasized
the link between S3 fragmentation and the deterioration in
glucose reabsorption and AP release into the urine (Table 2).
Surprisingly, S3 edema was correlated with the release of LDH,
while proximal tubular fragmentation or mTAL necrosis was
not (Table 2).
The thiazide diuretics, hydrochlorothiazide and bendroflume-
thiazide, as expected, increased urine flow, decreased frac-
tional reabsorption of sodium and increased fractional excretion
of potassium (Table 3), though the effect was less marked than
that seen with loop diuretics. Unlike loop diuretics, thiazides
did not improve glucose reabsorption nor decrease the release
of LDH or alkaline phosphatase. Glucose reabsorption was
actually diminished by i0 M hydrochiorothiazide, possibly
because of a decrease in proximal tubular reabsorption via the
inhibition of carbonic anhydrase by this dose. The degree and
extent of damage observed in mTAL and S3 tubules in kidneys
c e'w" -/ ...S
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Dependent variable Predictor variable coefficient P value
Tubular glucose mTAL necrosis —0.41 0.013
reabsorption S3 fragmentation
S3 edema
—0.56
0.08
0.002
NS
Urinary AP mTAL necrosis
S3 fragmentation
S3edema
0
0.88
—0.12
NS
0.001
NS
Released LDH mTAL necrosis
S3 fragmentation
S3 edema
-0.26
0.50
0.72
NS
NS
0.004
occurs with ioop diuretic treatment. Thiazide diuretics, which
act in cortical portions of the distal nephron, did not improve
glucose reabsorption or reduce the release of alkaline phos-
phatase or lactic dehydrogenase.
The chief site of action of loop diuretics like bumetanide and
furosemide is the Na-K-2C1 cotransporter on the apical border
of the cells lining the thick ascending limb [18]. Loop diuretics
are generally considered to have little or no effect on proximal
tubular reabsorption [19], although some studies suggest a small
inhibitory effect in the proximal tubule [20] attributed to weak
inhibition of carbonic anhydrase [21]. The protective effect
xerted by these agents upon TALs in isolated perfused kidneys
[13] and intact rats [22] has been attributed to diminished active
reabsorption and consequent reduction in oxygen demand by
mTAL cells in the presence of a limited supply of oxygen [5].
Proximal straight tubule segments are localized within mcd-
ullary rays and in the outer medullary stripe, regions that are
perfused by the distal ends of the microvascular perfusion beds
[23, 24]. Tissue p02 sharply declines at the corticomedullary
junction, and P°2 in medullary rays is probably low as well, as
suggested by wide variations in direct recordings of renal
parenchymal oxygen tension [1—3]. Because of countercurrent
shunting of oxygen in the renal microvascular beds, these
regions of the kidney normally function in a state close to
anoxia despite the high P°z present in the renal vein [5]. In the
outer medulla and medullary rays, S3 segments lie in close
proximity to thick ascending limbs, and are thus positioned to
benefit from improved oxygenation when the work of the thick
ascending limb is inhibited. Loop diuretics do indeed increase
the oxidation potential of cytochrome oxidase (cytochrome
a,a3) in whole perfused rat kidneys [8] and raise P°2 in the outer
medulla of the kidneys of intact rats [7]. It seems likely that this
is responsible for the functional and morphological protection
of proximal straight tubules demonstrated in these experiments.
These results, obtained in isolated perfused kidneys, may
have implications for the pathogenesis and prevention of hyp-
oxic injury to intact kidneys, as seen in acute renal failure. The
straight portion of the proximal tubule is the most susceptible of
all nephron segments to lethal injury in kidneys subjected to
experimental ischemia [25, 26]. The present experiments imply
that under certain conditions thick ascending limb tubules and
S3 segments may compete with each other for a sparse supply
of oxygen. Reduction of transport work in the TAL may
augment oxygen availability to cells lining S3 tubules and
improve their survival.
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Fig. 2. A: Severe mTAL damage at the superficial (A), mid (B) and
inner levels (C) of the inner stripe in control (CTR) kidneys and those
treated with bumetanide (BUMET) and furosemide (FUROS). Necrosis
at B and C levels are significantly attenuated in the treatment groups as
compared to controls (P < 0.005, and <0.02, respectively).
B: S3 cell fragmentation is significantly reduced in kidneys treated with
bumetanide and furosemide as compared with controls (P < 0.005).
fixed after 90 minutes of perfusion was not significantly ame-
liorated by either thiazide derivative.
Discussion
As in earlier studies of the perfused kidney [13, 16], both
bumetanide and furosemide substantially attenuated mTAL
damage in the middle and deep zones of the inner stripe of the
outer medulla. The important finding in this study is that
structural and functional damage to the proximal straight tubule
(S3) was also attenuated by loop diuretics. Fragmentation of S3
was prevented, glucose reabsorption (an active transport func-
tion carried out exclusively by proximal tubules), was main
tamed at a high level, in contrast to the deterioration seen with
time in control kidneys, and urinary recovery of alkaline
phosphatase, a typical proximal brush border enzyme which is
virtually absent in distal tubular cells [17], was markedly
reduced. While it is conceivable that urinary excretion of
glucose might have been reduced primarily by attenuation of
back-leak through damaged mTALs, this would not be consis-
tent with the decreased excretion of alkaline phosphatase that
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Table 3. Effects of thiazide diuretics on perfused kidneys
Time
mm
Control
N=5 HydrochlorothiazideN=5 BendroflumethiazideN=6
GFR ml/min/g 50—60 0.23 0.23 0.23 0.014 0.26 0.008
Urine volume mI/mm 50—60 0.12 0.007 0.14 0.0O4 0.14 o.oo4
Perfusate flow mI/minig 50—60 25.5 1.3 26.0 0.2 25.8 1.6
Tubular reabsorption of Na % 50—60 92.4 1.4 85.1 1.6 85.9 o.7
Fractional excretion of K % 50—60 1.8 0.2 2.7 0.2a 2.7 o.Ia
Tubular reabsorption of glucose % 50—60 80.7 3.8 68.1 1.7k 81 2,1
LDH units 20—90 7.9 1.0 10.6 1.0 6.9 0.8
Urinary alkaline phosphatase U/JO 80—90 284 39 207 82 253 91
mm
S3 edema/fragment % 0.7 0.5/29 8 0.4 0.4/26 4 0.1 0.1/38 6
mTAL severe damage %
ZoneB 90±2 89±2 91±2
Zone C 77 7 83 10 56 13
ap< 0.05
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